ABSTRACT: It has been widely accepted that cAMP activates the protein kinase A (PKA) holoenzyme by dissociating the regulatory and catalytic subunits, thus freeing the catalytic subunit to phosphorylate its targets. However, recent experiments suggest that cAMP does not fully dissociate the holoenzyme. Here, we investigate this mechanism further by using small-angle X-ray scattering to study, at physiological enzyme concentrations, the type IR and type II holoenzyme structures under equilibrium solution conditions without any labeling of the protein subunits. We observe that while the addition of a molar excess of cAMP to the type IR PKA holoenzyme causes partial dissociation, it is only upon addition of a PKA peptide substrate together with cAMP that full dissociation occurs. Similarly, addition of excess cAMP to the type II holoenzyme causes only a partial dissociation. However, while the addition of peptide substrate as well as excess cAMP causes somewhat more dissociation, a significant percentage of intact type II holoenzyme remains. These results confirm that both the type IR and the type II holoenzymes are more stable in the presence of cAMP than previously thought. They also demonstrate that substrate plays a differential role in the activation of type I versus type II holoenzymes, which could explain some important functional differences between PKA isoforms. On the basis of these data and other recently published data, we propose a structural model of type I holoenzyme activation by cAMP.
Protein phosphorylation, the process by which a protein kinase catalyzes the transfer of the γ-phosphate of ATP to a Ser, Thr, or Tyr residue in a target protein, is the most widespread method of reversible protein modification in eukaryotic cells. The cAMP-dependent protein kinase, or protein kinase A (PKA), 1 is ubiquitous in mammalian cells and is the most well-characterized member of the serine/ threonine protein kinase family. Phosphorylation of its targets is known to be critical for regulating a multitude of cellular processes including metabolism, gene transcription, ion flux, growth, and cell death (1) . The catalytic (C) subunits are responsible for catalyzing the phosphotransfer reaction, while the regulatory (R) subunits serve both to confer cAMP dependence and to localize the holoenzyme to discrete subcellular locations via interactions with A-kinase anchoring proteins (AKAPs) (2) . There are two major isoforms of PKA, type I and type II, that differ with respect to their R subunits (RI or RII). At low cAMP concentrations, PKA is maintained as an inactive tetrameric (R 2 C 2 ) holoenzyme consisting of a homodimeric R 2 subunit and two C subunits. When intracellular concentrations of cAMP increase in response to specific cellular stimuli, two cAMP molecules bind to each R subunit. This binding event is associated with the release of R subunit inhibition of C, allowing the C subunits to phosphorylate target proteins (3) .
There is no doubt that cAMP binding lowers the affinity between R and C subunits, but how this occurs and whether it is sufficient for dissociation under equilibrium conditions similar to those found in the cell is of considerable importance. An understanding of the general mechanism of cAMP activation of PKA has great ramifications in cell biology, especially now as the importance of the spatial and temporal aspects of signal transduction are becoming better appreciated. The question of whether the PKA holoenzyme is dissociated by cAMP binding alone is especially critical to understanding the role of localization of PKA signaling by AKAPs.
It was widely accepted that cAMP activates PKA by causing C to physically dissociate from R. This mechanism was supported by a number of early in vitro experiments, including ion-exchange chromatography (4, 5) , gel filtration (6) , and ultracentrifugation (7, 8) , which show that at low cAMP concentrations PKA exists as a holoenzyme complex, but at high cAMP concentrations the enzyme subunits dissociate into an R homodimer (R 2 ) and two C subunits. However, each of these experimental methods uses nonequilibrium conditions for the measurements (i.e., each exerts an artificial force upon the molecules that is not present under equilibrium conditions as might be present in the cell).
Evidence challenging this previously accepted mechanism of PKA activation is emerging. Data based on fluorescence resonance energy transfer (FRET) and fluorescence anisotropy measurements performed under equilibrium conditions (9, 10) show that high levels of cAMP are insufficient to dissociate the type II holoenzyme. In addition, Døskelund and colleagues (11) have published the results of in vivo experiments that suggest undissociated type I holoenzyme can be present at high cAMP concentrations and that the cAMP-saturated holoenzyme is catalytically inactive toward its substrates. They also performed in vitro experiments and calculated the dissociation constant, K D , between R and C subunits in the presence of cAMP to be about 0.2 µM and showed that the substrate could further destabilize the complex. Again, however, each of these experiments involved either labeling of protein or nonequilibrium conditions.
We have used small-angle X-ray scattering (SAXS) to further investigate the PKA dissociation mechanism and the effects of isoform differences (RIR vs RII ). The great sensitivity of SAXS to detect changes in protein associations gives us a direct and powerful method for monitoring the degree of PKA dissociation into separate R 2 and C components under stoichiometric and excess concentrations of cAMP, with cAMP plus substrate, and with substrate alone. Our experiments were done at 1.5 µM holoenzyme concentrations, close to what is considered to be the physiological concentration in many tissues even though localized pools of PKA could have much higher concentrations. For instance, the average intracellular concentration of PKA is estimated to be 1.2 µM in brain tissue, assuming the protein distributes in 70% of the intracellular space (12) . Our experiments were performed under equilibrium solution conditions with no labeling and are therefore an excellent means to address the question of PKA dissociation with minimal potential experimental artifacts.
MATERIALS AND METHODS
Sample Preparation. Recombinant bovine C subunit was expressed and purified as described previously (13) . Fulllength bovine RIR and RII subunits were expressed in Escherichia coli 222 and affinity purified on cAMPSepharose resin in which 100 µmol of 8-AEA cAMP (Biolog) was covalently coupled to 25 mL of NHS-activated Sepharose Fast Flow (Amersham Biotech) using the protocol supplied by the vendor. Five mL of resin was used per 2 L of cell culture. Three batch elutions (7 mL each) were performed at room temperature for 30 min each with buffer containing 25, 35, and 40 mM cGMP (Sigma), 20 mM MES, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 5 mM DTT, pH 5.6. Eluted fractions were pooled and then further purified using gel filtration (Superdex 200) in a buffer containing 50 mM MES, 200 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 5 mM DTT. Type IR and II holoenzymes were formed by mixing purified R subunit with a molar excess of purified C and dialyzing against a buffer containing 2 mM MgCl 2 and 0.2 mM ATP, pH 7.0. These conditions approximate physiological concentrations for Mg 2+ /ATP for most tissues. Gel filtration was then used to separate holoenzymes and heterodimer from free C. Holoenzyme and heterodimer activation by cAMP was checked with a coupled kinase assay to confirm that C subunit was inhibited in a cAMP-dependent manner (14) . The substrate peptide, Kemptide, has the sequence LRRASLG and was synthesized by the Microchemical Facility of the University of California, Berkeley. cAMP was obtained from Sigma (St. Louis, MO).
X-ray Scattering Measurements. X-ray scattering data for the experiments performed using the type IR holoenzyme (9.0 and 35 µM) and the type II holoenzyme were acquired at 12°C using the X-ray instrument at Los Alamos National Laboratory (15) . Data were collected, reduced to I(Q) versus Q, and analyzed as described previously (15) . I(Q) is the scattered X-ray intensity per unit solid angle, and Q is the amplitude of the scattering vector and is given by 4π(sin θ)/λ, where 2θ is the scattering angle and λ is the wavelength of scattered X-rays (1.54 Å for this instrument). X-ray scattering data for the 1.5 µM concentration of type IR holoenzyme sample were collected at 12°C using the much higher intensities available at the BioCAT facility at the Advanced Photon Source (APS) at Argonne National Laboratory. The scattering station at this facility uses a sample holder with a water-jacketed flow cell that continuously flows sample back and forth in the beam to reduce X-ray damage at the high intensities used. A 3 m camera with a 49 × 86 mm, high-sensitivity CCD detector was used to collect scattered intensities at a wavelength of λ ) 1.03 Å over a Q-range of 0.01-0.17 Å -1 . Data were reduced using the Fit2D software (16) . The net scattered X-ray intensity for the protein was determined by subtracting a normalized buffer blank from each protein data set.
Calculation of Structural Parameters and Percent Dissociation. Structural information was derived from the scattering data by calculating the inverse Fourier transform of I(Q), which yields P(r), the probable frequency distribution of vector lengths, r, between scattering centers (atoms) within the scattering molecules (calculated using the program GNOM (17)). P(r) provides insights into the overall shape of the scattering molecule with respect to its degree of symmetry or asymmetry and domain structure. P(r) goes to zero at the maximum linear dimension, D max , of the scattering particle, and its zeroth and second moments give the forward scattering, I(0) and radius of gyration, R g , respectively. The R g value can also be estimated using a Guinier analysis (as described in ref 15) in which the log of I(Q) is plotted against Q 2 to yield a straight line whose slope is proportional to R g . A nonlinear Guinier region is an indicator of nonspecific aggregation in the sample that would invalidate the analyses. The forward scattering, I(0), is directly proportional to the product of the molar protein concentration and the average molecular weight squared of the scattering molecules. Forward scattering is therefore the strongest indicator of nonspecific aggregation. By comparing the forward scattering intensity extrapolated to zero protein concentration to that of a known protein standard, one can determine to high precision whether there is any nonspecific aggregation present. Lysozyme standards were measured and compared to the forward scattering for PKA samples for all experiments performed at Los Alamos to determine the structural parameters under conditions for which we could demonstrate the holoenzymes were monodisperse.
For a two-component system,
, where c i and M i are the molar concentration and molecular weight of component i. In the case of the type I PKA, the individual C subunits and the RIR homodimer have molecular weights of 40 490 and 85 500, respectively, and that of the holoenzyme is 166 500. Hence, the ratio of the observed I(0) for a mixture of intact and partially dissociated holoenzyme (I(0) M ) to that expected if the holoenzyme were fully intact (I(0) U ) will be:
The values of c 1 and c 2 are the molar concentrations of free RIR homodimer (R 2 ) and intact holoenzyme (R 2 C 2 ), respectively. Note that there are two C subunits for each RIR homodimer; hence, the molar concentration of C is twice that of R 2 (2c 1 ). Percent dissociation, D, for the type IR holoenzyme can be calculated from I(0) M and I(0) U by rearranging the previous equation Percent of intact holoenzyme is then simply 100 -D. The possibility of a ternary complex (R 2 C) is assumed to be insignificant to simplify the calculations. This assumption is justified in part by the known cooperativity between each R subunit in the activation process (18) . Fully dissociated holoenzyme (R 2 + 2C) would give an I(0) relative to intact holoenzyme of This relative I(0) value is thus expected to be the lower limit for fully dissociated type IR holoenzyme. The percent dissociation for the type II holoenzyme is calculated in the identical way except using 92.4 kDa for the molecular weight of the R homodimer (R 2 ), yielding with fully dissociated holoenzyme giving an I(0) relative to intact holoenzyme of
RESULTS

Small-Angle Scattering Data and Structural Parameters for the Type IR Holoenzyme with and without cAMP and
Substrate Peptide. Scattering data were collected at three holoenzyme concentrations ranging from 1.5 to 35 µM and at various concentrations of cAMP and Kemptide substrate ( Figure 1 and Table 1 ). Kemptide (19) is derived from a physiological PKA substrate and is an excellent choice of substrate for these experiments because it has K m and V max values that are as good as most physiological substrates, and its small size means that is does not contribute significantly Areas under the P(r) curves reflect the square of the average molecular weight for the scattering particle and hence decrease as the holoenzyme dissociates. Note that cAMP addition to the holoenzyme causes a decrease in the average particle size, while cAMP and Kemptide together cause the average particle size to decrease even more. Estimated errors are smaller than the symbols. (2) (85. (Table 1) indicating that there is no significant radiation-induced aggregation in the APS data. The P(r) function for the intact holoenzyme ( Figure  1C ) is asymmetric, with a peak around 40 Å, a shoulder around 100 Å, and a D max of 140 Å suggestive of a bilobal, somewhat elongated structure similar to that observed previously for type IIR PKA (20) , but with a more compact shape overall. The earlier IIR holoenzyme experiments used PKA reconstituted with a myristoylated C subunit, as compared to the nonmyristoylated recombinant C used in these experiments, and the consequent differences are discussed elsewhere (21) . The P(r) functions in Figure 1C clearly show how the average particle size decreases with added cAMP and also that the maximal effect is observed only when both cAMP and Kemptide are present. The I(0) measurements, together with the structural parameters R g and D max (Table 1) , as well as the shape changes seen in the P(r) functions, are consistent with the interpretation that only partial dissociation of the holoenzyme occurs at saturating cAMP concentrations, whereas full dissociation occurs with saturating cAMP levels plus peptide substrate. The R g and D max values become progressively smaller with added cAMP but then become even smaller with the addition of Kemptide substrate (Table  1) . Importantly, at all three holoenzyme concentrations, the I(0) value decreases with addition of cAMP but does not reach a minimum value until substrate peptide Kemptide is added as well. Because I(0) would not change if the holoenzyme assumed a different conformation with no change in overall molecular weight, the large decreases in I(0) seen with cAMP and Kemptide can only be explained by dissociation of the C subunits from the RIR homodimer. Addition of Kemptide alone did not significantly affect I(0) or R g , demonstrating that substrate is not sufficient to cause any dissociation of the holoenzyme.
On the basis of the known molecular weights of the holoenzyme and the individual subunits, one can estimate the percent holoenzyme dissociation using the observed I(0) values and eq 2. These values are presented as a histogram in Figure 3A . Note that the I(0) values actually level off when they are somewhat less than the theoretical lower limit (0.38 of the fully intact holoenzyme; see Materials and Methods), suggesting that dissociation may be accompanied by some loss of sample from the beam (e.g., through small amounts of precipitation).
Small-Angle Scattering Data and Structural Parameters for the Type II Holoenzyme with and without cAMP and cAMP plus Kemptide.
The scattering curves for the type II holoenzyme with associated Guinier plots and P(r) functions are shown in Figure 2A -C. The structural parameters derived from the scattering data are given in Table 1 . The P(r) function for the holoenzyme shows an overall globular shape, with a maximum of 50 Å and a D max of 145 Å, similar to the type IR holoenzyme in overall dimensions but without the pronounced shoulder at longer vector lengths. Upon addition of excess cAMP, the P(r) becomes more asymmetric as its peak shifts to a smaller values of r (∼30 Å) and D max shrinks. The overall shape becomes indicative of a more extended rodlike structure. Addition of cAMP plus Kemptide shows some additional loss of intensity in the P(r). There is little change in R g accompanying these changes in P(r) ( Table  1 and Guinier plots). A recent small-angle scattering study of the isolated RII homodimer shows it has a very extended, rodlike structure (22) , consistent with the idea that the P(r) function seen here is representative of a partially dissociated holoenzyme with free R 2 homodimer contributing to the observed average P(r). The measured R g value for the free C subunit ranges from 21 to 23 Å (23), while that for the free RII homodimer is ∼56 Å (22) . Thus, upon dissociation, particles of both lower and higher R g than the intact holoenzyme would be formed giving an average value, which appears coincidentally to be close to that of the holoenzyme. While R g does not change, the normalized I(0) after addition of excess cAMP drops to about 59% of its value as compared to the unliganded holoenzyme (Table 1 and Figure 3B ). This result is consistent with a partial dissociation of the holoenzyme into free RII homodimer and C subunits, with about 33% of the original holoenzyme remaining intact ( Figure  3B and Materials and Methods). Upon addition of excess cAMP and Kemptide substrate, scattering parameters and the P(r) function are very similar to what is seen when only cAMP is added. The normalized I(0) is about 52% of what is seen in intact holoenzyme, signifying that about 21% of the holoenzyme remains intact (Table 1 and Figure 3B ). Taken together, these results indicate that the type II holoenzyme only partially dissociates upon cAMP binding, with somewhat more dissociation upon binding cAMP plus substrate, in contrast to the type IR holoenzyme which fully dissociates upon binding cAMP plus substrate. 
DISCUSSION
Physiological ReleVance of the Scattering Results.
Whether or not PKA is activated by cAMP through a mechanism that involves dissociation of the R 2 and C subunits has wideranging physiological ramifications. Indeed, a dissociation mechanism seems at odds with recent reports indicating the important functional role of AKAPs in recruiting PKA to specific locations within the cell (24, 25) . A simple dissociation mechanism would lead to a delocalization of C subunit upon cAMP activation; thus, some of the benefit of PKA being localized to a subcellular site would be lost. On the other hand, it is known that increases in intracellular cAMP significantly increase concentrations of free C subunit in cells, especially in the nucleus (26) , so some dissociation of holoenzyme by cAMP must occur. The recent studies by Døskelund and colleagues (11) , as well as earlier fluorescence studies (9, 10) , suggest that the types I and II holoenzymes are much more stable in the presence of cAMP than previously thought. The results of the experiments presented herein confirm and extend this idea, using an equilibrium method that does not require any protein modifications. Although we are not able to calculate a dissociation constant from our data, our results indicate that at physiologically relevant concentrations of holoenzyme, in the absence of other associated proteins, there will be significant percentages of both intact holoenzyme and dissociated subunits when high concentrations of cAMP are present, in the case of both type I and type II isoforms. The significant fraction of C subunit that remains localized at high cAMP levels would allow prolonged spatial control of PKA signaling, while also allowing some C subunit to diffuse to different subcellular compartments such as the nucleus.
Another interesting implication of these studies is that both the activation and the inactivation of PKA could occur much faster than in a simple dissociation mechanism. For the population of holoenzyme that does not dissociate when saturated with cAMP, activation would only involve an allosteric conformational change that is substrate dependent, not a cumbersome diffusion-limited dissociation step, thus allowing rapid activation by cAMP. The temporal effects on PKA inactivation would be expected to be even more significant. Inactivation of allosterically activated PKA would not require diffusion of C back to R 2 . Moreover, cAMP dissociation from R 2 is much faster when C is bound to R 2 (27) , allowing allosterically activated holoenzyme to be more rapidly deactivated and also facilitating rapid cAMP hydrolysis by proximal phosphodiesterases. It is interesting to note that phosphodiesterases have been identified in AKAP signaling complexes (28, 29) .
Døskelund et al. (11) reported that the cAMP-saturated type IR holoenzyme complex was inactive toward substrate. However, we observed that addition of both cAMP and substrate to the type IR holoenzyme causes full dissociation of R and C subunits, indicating that cAMP-saturated holoenzyme could be fully active toward substrate. It can be speculated that under the cellular conditions used in the previous study, other binding partners such as AKAPs influenced the activity of the holoenzyme. Because substrate induces delocalization of C from allosterically activated PKA, this might provide a plausible mechanism that limits hyperphosphorylation of substrates by PKA.
Perhaps the most interesting result in this study is that substrate does not play nearly as large a role in type II holoenzyme dissociation as it does in type IR. Types I and II R subunits share the same domain organization but differ in several biochemical properties. Importantly, it has been shown that Mg 2+ and ATP regulate the stability of the type I but not the type II holoenzyme: two Mg 2+ ions and high ATP concentrations are required for a tight type I holoenzyme complex (30) . The differential effect of these cofactors on the stability of the holoenzyme could be directly related to the differential effect of substrate, but highresolution structures of the R/C complexes will be necessary to test this idea. It has also been observed that in general, type II R subunits and holoenzymes are largely localized to specific subcellular locations, while localization of type I isoforms is more dynamic (31) . In addition, the vast majority of known AKAPs bind type II but not type I R subunits (32) . Our observation here that a significant population of type II holoenzyme remains intact even after binding cAMP and substrate could be a result of the need for type II PKA to be more stably anchored. This also raises the possibility that a subset of type II PKA would remain localized even after activation and phosphorylation of targets such that multiple phosphorylation of different targets could be achieved in the same subcellular compartment. Type I PKA, on the other hand, would dissociate after the initial phosphorylation, preventing multiple phosphorylations of the same target or other substrates in the same subcellular compartment, leading to a fast and novel method for signal termination. Recently, a systems-level model of agonistinduced cardiac myocyte contraction was used to investigate the temporal role of PKA and other signaling components in this process (33) . The experiments and hypotheses discussed previously, especially the differential kinetics of signal termination caused by dissociation of C from the holoenzyme between type I and type II, should be incorporated into such models, especially in the context of subcellular localization. Such an integration of structural biochemistry and systems-level analysis will likely provide biological insights into the design principles underlying signal transduction that would not be arrived at through the separate methods.
Structural Mechanism for ActiVation of Type I Holoenzyme. There are at least two major subsites of contact on RIR with the C subunit (34), one involving the RIR pseudosubstrate inhibitor region and a second involving the cAMP-binding domain A. Each site can bind individually to C with low affinity (K D ) 1-10 µM), but both are necessary for high-affinity (K D ) 0.2 nM) binding to C. Two computational models of the R/C interaction have been developed using hybrid experimental data, and both predict a small peripheral R/C interface (<2000 Å) dominated by interactions with domain A of RIR (35, 36) . Recent molecular dynamics simulations (D. Vigil, unpublished experiments) and hydrogen/deuterium exchange experiments (37) also indicate that cAMP binding to RIR directly affects the conformation or accessibility of a specific helical region in cAMP-binding domain A. These observations, taken together with the present study, allow us to suggest a structural mechanism of activation that is illustrated in Figure 4 . In this scheme, cAMP binding to RIR causes an allosteric conformational change in the R subunit subdomain of cAMP binding domain A that interacts with the C subunit such that the interactions are weakened. If a substrate is present, it competes with the pseudosubstrate inhibitor site and facilitates complete dissociation of the R-C complex. The demonstration that addition of substrate in the absence of cAMP to the holoenzyme does not cause dissociation or conformational changes suggests that the active site of C is completely blocked in the unactivated holoenzyme. However, cAMP binding to the holoenzyme causes a conformational change that allows substrate to compete with the pseudosubstrate inhibitor for the active site of C. The activation mechanism of type II holoenzyme appears to be somewhat more complicated since substrate is not as effective at competing with the pseudosubstrate region in this isoform.
Many protein kinases are regulated by protein/protein interactions involving both a pseudosubstrate inhibitor region and more distal regions (38) . Our recent scattering studies of the calcium-calmodulin activation of skeletal muscle myosin light chain kinase (skMLCK) has revealed an interaction between that kinase and the N-terminal helix of calmodulin that is distinct from the autoinhibitory/pseudosubstrate interaction at the kinase active site but which is nevertheless required for activation. This distal interaction is implicated in enabling a translocation step that releases the autoinhibitory sequence (39) . We have further shown that there is an additional conformational change in skMLCK and a reorientation of calmodulin with respect to the kinase catalytic domain upon substrate binding (40) . The demonstration here that substrate plays a large role in the conformational changes associated with activation of the PKA holoenzyme suggests that substrates could play similar roles in the activation of many other protein kinases, whereby the full conformational change needed for kinase catalytic activation is achieved only when substrate competes with a pseudosubstrate inhibitor region or other associated proteins for the active site cleft. One is the pseudosubstrate inhibitor region of R that binds to the active site cleft of C, and the other involves the cAMP-binding A of R and a distal region of the C subunit. (B) Conformation of the holoenzyme after cAMP binds (represented as small black rectangles). cAMP binding abolishes the peripheral contact site, but the pseudosubstrate inhibitor sequence remains bound to C. This lowers the affinity of R and C such that some C will dissociate but some will also remain bound to R. (C) When substrate (represented as the aqua object) comes into contact with the cAMP-activated holoenzyme, the substrate sequence competes with the pseudosubstrate inhibitor region of R for the C subunit, causing full dissociation of R and C subunits.
